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The INFN-LNS RF system can be considered a sort of continuous work in progress, since
the commissioning of the k-800 superconducting cyclotron, more than 20 years ago.
We would like to show the most important changes, upgrades and improvements of the

entire RF system

- some of the improvements are related to the system’s age, to the
outmodedness of important spare parts, like in the case of the High Level
System,;

- some are related to modifying the system to achieve better performance, like

in a few mechanical components of the cavities;

- Some improvements regard the low level system, to keep up with electronic
innovations and, more importantly, to follow the requests and suggestions of
the accelerator operators, in order to have, especially in the phase of tuning
the entire cyclotron, a clear RF control panel where all the main parameters
are displayed and the RF operation becomes easy, intuitive and, in the event

of failures, the feedback is immediate
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Talking points

- Overview of the k-800 superconducting cyclotron and RF
system

- Coupling capacitor, disk vs cylindrical ceramic insulator
- Axial injection vs radial injection
- Copper Dees vs Aluminium Dees

- Something around main ceramic insulator of the coaxial
resonator (superconducting cyclotron upgrade)

- Sliding short circuits, drivers and movement mechanics
- Power coaxial switches between amplifiers and cavities
- Low Level and the digital RF box

- Hybrid configuration, solid state — tube to revamps an obsolete
amplifier (improving output power of 20-30% for cyclotron
upgrade)



04/10/2017 Antonio Caruso@ LNL ECPM2017

The K-800

Superconducting

Cyclotron Bending limit K=800
Focusing limit Kfoc=200
Pole radius 90 cm

Yoke outer radius 190.3cm

Yoke full height 286 cm
Total weight 176 tons
Min-Max field 2.2-4.8 Tesla

Main coil A/turn 6.5 1068

Sectors 3

Min. hill gap 8.6 cm

Max valley gap 91.6cm

Trim coils 20
e ———— ~

Dees 3 \

RF range 15-50 MHz :
Operating Harmonics 1,2,3,4 :
\Peak dee voltage | _100KV_ _ !
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The general RF system block diagram

Cav 1 Amplitude loop

Protection loop
71N
/ \
R
F
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Cav 2'

Cav 3

Phase Ioop \
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The core of RF System

The core RF system
consists of three
symmetrical coaxial
resonators. Each
resonator is two vertical
Ya A cylindrical cavities
connected at the centre

by Dees placed in valleys.
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Main characteristics

e Frequency range between 15 - 50 MHz

e %) coaxial resonators (VsA + dee + ViA)

e Tunable sliding shorts (0.85 - 3.5 m)

e Ceramic insulator (air-vacuum accelerator chamber)
e Q=2000 - 5000

e Coupling capacitors to feed the power

e Maximum Voltage on the 3 dees, 100kV

e 120° phase difference between the dees

e Phase stability + 0.1°

Amplitude stability, residual noise < 104

HORIZONTAL CROSS SECTION OF THE CAVITY
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Th - I —@1220 nr---.l A
e coaxial resonator  [recaih gl
| i I m—‘///.—\—---——-ﬂr CAVITY
= I flf || Outer
Trimming 117 | | coaxial
INNER OUTER | e
COAXIAL COAXIAL AN | L =T inner
: | o " coaxial
« Copper made Dees
. o TS Il /
» Thickness of the surfaces 8 mm ]‘ Rl T s secron A/2
3 :/\ _ - -! ! ) _-: il — r‘slég%ﬁ
 Inner-outer coax diameter 208 - 486 mm YR L T T -
e Inner coax manufactured, cold-drawing starting R | ; | Alumina
| _ | 7)) /’ ol insulator
with oxygen-free copper billets oI ; ]
t L™ I Ll-1 ?I.:ii?!nmc
» Outer coaxial has been electroformed A< oorat .
. . ! @2359 COILS :; |
» Quter coaxial are cooled by a parallel series of P20 voxe e o AN
: Coupler
flat pipes soft soldered on the external surface P
* Inner coaxial is cooled by a coaxial tube system |
: : Slidin S48 A
where a special rubber seal drives the water flow shortg —7 IL{l
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The high voltage ceramic insulator
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The high voltage ceramic Insulator [ re cavigh gt e
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Up-grade of LNS
superconducting cyclotron

Due to the different size of the beam, the
vertical gap has to be increased from 24 to
30 mm, 6 mm of difference, 3mm up and 3
mm down. In first approximation, to reduce
machinery, cost, complexity of the
operation, we would like to take into exam
the length reduction of the conical
connection between the stem (inner
coaxial) and the dee.

than 2-5 kW
Speaker:

Dee will be much
closer to the liner of
3 mm, if the conical

length is reduced.

Upgrading of the LNS
Superconducting Cyclotron to
deliver beam power higher

Luciano Calabretta (LNS)
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becreasé the length of £ 3mm

1...
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A specific and detailed study has been adopted to the upper and lower

nose shape in order to have alow e

voltage gradient at the insulator edges with a semi-uniform electric field INNER COAXIAL I\
distribution along the ceramic itself. At the maximum Dee voltage of 100 WALL N
: N :

kV the insulator dissipation should not exceed 200 W [5]. Both U-shaped | SILVER\ OUTER COAXIAL._ N :
' PLATING WALL L |

edges of the pure alumina (99.7%) insulator are silver-plated (0.4 mm _ N ;
. o . . ' RF FINGER ST T Zee—VITON |
thickness). This avoids the use of metallic sealing and consequently, any | CONTACT ,ghrf/? O-RING :
1 ) ~ :E: N :

mechanical compression on the ceramic edges (> 40kg/cm). In Figure 1, | N ‘ 2 ,/ N !
the dotted red circle detail shows the silver-plating upper ceramic insulator i \ 2 / RF FINGER[
. . L ! N 2 CONTACT [N !

edge, the Viton seal, the finger contacts position. The RF current flows ! ! @\ : X |
through the silver-plating and finger contacts avoiding the Viton seal.[1][2] TH N AIR SIDE
[1] C. Pagani et al, Full power test of the first RF cavity for the Milan K800 H U :VAGUUM :
Cyclotron, Japan 1986, p.271. il SiDE L \
[2] A. Caruso, THE RF SYSTEM OF THE K-800 SUPERCONDUCTING (E_) : E s\ !
CYCLOTRON AT INFN-LNS, India 2014 o f N
A AN |

: : | K g 7\ DRY AIR!

| wonder, if the proposed length reduction, of £3mm (up : AN D S INPUT
. . . | i 7 i

and down), of the conical connection (dee-inner coax), can | i : / !
be accepted, in terms of maximum electric field o i : : ;
distribution, around the critical zone of the nose. Whatdo | ' ﬁ;\ AN

you think? Probably some CST/microwave studio numerical =~ -------==----==----mm--mmmmmmmmmm oo !

simulations are necessary... Figure 1
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Camponent:

Frequency:
Phase:

/
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Trouble spot dees

1994 -1999

J I

Meld direction

The secondary emission coefficient of the aluminum

oxide produced an electrons current between the _ _
Cooling system improved

Dee and the faced copper coupler surface.
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The sliding short - N

Outer

|| coaxial

‘ B Trimming |
k\[N ER COAX OUTER COA » cagrg?gn I ! UTFE::N%AP
H /) i
\ \ Inner
| coaxial

Dees

oo ) /2

—— o SECTION

2 :; !
=1 ¥ COLS SUPPORT

. =3
i ﬁ
= lumina

lnsulator

{= !

et b lEAm 0
small silver-graphite spheres as

SUPPORTING

elements of contact between the

inner and outer coaxial

£ HING

Ly T:’S‘s:‘;u Y::JUK: RING ex
Coupler

Sliding|_—>31

short

3500 —

The current density at the maximum frequency of 50

MHz can reach 50 A/cm on the short circuit plate



The sliding shorts driving movement

LI ROTT T .
[ INFN-LNS-CATANIA R CONTROL SYSTEM (WG
Connect  Setup File  Alarm Interlock  BEC Amplfier  Turn_On and Protection  Tuning  Trimming and Coupling  Amplitude and Phase  Setting DDS  Delay line  Console  Quit

— CAY3 setting Main Status —
sep/both sep baoth sep/both 3Ep bath sep/both =) bth

DRY Enable on off DRV Enable on aff DRV Enable on off
PID cantral o off PIC contral on aft PID control on off
posiion | 209,0 mm ﬂ movs | stop posiion | 206,8 mm ﬂ move | stop posiion | 170,1 mm ﬂ movs | stop

step o1 1 w | _wo | [Tar step 01 1 w | w0 | [Tai step o1 1 LI O e
speed ’—j speed l—j speed o j

pwi remote on

master o
P 1Emate o

CAV1 reading CAV?2 reading CAV3 reading
{CAVI UP CAVZUP | {CAVIUP |—
I DRVEnable  on off

A mm s mm [ mm [
cavily pasition _ cavity position cavity position PiDcontiol  on off

matar curent EEL makar current 260 matar current 0 260
et NICIOIIN %~ oo CORTCIRIGIIN %~ et IO -
maove stop
diiver enable — D driver enable — il diiver enable — L 4
position 0K ] 1500 — position DK ] 1600 — position OK. ] 1500 — q
P - . - . requency
limit switch min -~ C——) 1250 fimit switch min ~ C———) 1250 limit switch min ~ C——— 1250 L
limit switch max ~ ——) 1000 limit switch max ~ —— 1000 limit switch max ~ ——) 1000
over current — over curent — over current —
PID 0N e w0 P N = 70— FID O = gl file lst
mak position | E— 500— i pesition — 500 — ma position — 500 —
:gé:ns\tmnf : | E— — :gcpusltlunf ‘ — 250} :gcpnslllnn' | — 250 Joad save
comm fauk  ——1 A comm fault  C—— = comm fault  C——— o

MCDC comm fault S MCDC comm Fauls SN MCDC comm fault  EHEEES

r - motar cunent 1120 mA rmotor current 0000 mA mator current
2007 N o e NI - e I - speed
diiver enable — = driver enable  — = driver enable
position K ] 1000 position DK ] 1000 — position OK.
limit switch min -~ —— T limit switchmin ~~ C—— i limit switch min ~ —— S
limit switch max ~ —— limit switch max ~~ —— limit switch may ~ ———
A new control console panel has been o = t0— —— 10— — 0=
PID ON | — 1750 — PIDON | — 1750 — PID OM | — 1740 —
developed. It adopts the same software R —— R e —— I U —— Ry
. min position — 1 min posiion — | min position — |
environment of the DDS generator. The console ACcomial i i
MCOC comm fault S D= MCDC comn Fayl;  EHE =, MCOC cornm faul S EED=,

sets and reads the position of the sliding shorts
for all the 22 length of the RF cavities in the
frequency range of 15+48 MHz.
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Coupling capacitor

relative simple mechanics

also applicable for tuning Dee
control
high voltage
Insulator 500 ;7
discharge matching = | ©

k",
TEIAAAN

o
FAVAY
3 ke B |
VA A A A T
: IVVVVIVY VY s
B et i =
S

6”1/8 coaxial rigid
transmission line,
Directional coupler
just before the coupler

Coupler capacitor under the Dee

The capacitive value is between
2-5 pF and the coupler can be
moved in a range or 50 mm.
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Something to strongly avoid
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Ceramic feed-through

We adopted a disc shape insulator
to replace the cylindrical one (1995)

Antonio Caruso@ LNL ECPM2017

avoid ceramic insulator
parallel to magnetic field

Old, burned and new coupler

The reason was a resonant discharge across the

cylindrical ceramic insulator. The discharge was strongly

focalized by the strong intensity of the magnetic field

New Coupler dismantled
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':— .. Hifl
Standard solid state

100-200 Watt
Gain 50-55 dB
Wide bandwidth

“DRIVER AMPLIFIER”

Generator

15-50 MHz
% [mp
R RS
-6dBm (0.25 mW) ~50dBm (100 W) +78.75dBm (75 kW) »
-10.8dBm (80 IJW) +45.7dBm (37 W) RF power amplifier (Ampegon ex BBC) +74.7dBm (30 kW)
P max 90 KW CW, nominal 75 kW (~1981)
-12.5dBm (56 pW) +44dBm (25 W) Frequency range 15-50 MHz +73dBm (20 kW) Courtesy of L.Piazza




Input filter stai The 2"d stage e two stage is a ground-cathode
» wide band | (T2=4CW100000): common- |oad for the [EUlclaMIgRe[clalsIe=tRIglIS
» adapts from grid configuration, high the input  [CUCINSAYEIRASIET][C)
tetrode and D isolation between the in/out tage at the CVASIACE ]
*The RF powe sections. Filament input. Water ponents, s and a considerably low
dissipated on cooled. The load is a %4 A e are of components.
*No tuning is 1 cavity plus a capacity. ntrol input.
| aSS AB.
Forced air cooled.
Pour 5 kW
T1 THALES RS1054L

INPUT — __ N i | N =

15t stage (THALES RS1054LSC) 2™ stage (CPI-4CW100000E)
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CHANGED

because

obsolete =3
—0

I
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Frequency & Power range of tetrodes

In the meanwhile further news coming from the market ...

10000 -

=

o

o

o
|

100 -

Power kW per single tube

om m mm mm m—

Tetrodes & Diacrodes available from industry

WE THOUGHT OF TRYING
AN APPROACH WITH A
SOLID STATE STAGE
(useful collaboration with
Warsaw University)

10

0 100 200 300 400 500

oy
e

e o Frequency MHz
\.\/wj"/‘&d LDMOS Transistor
_/.«'/ >1 kW, 2-600 MHz Courtesy of Eric Montesinos, CERN-RF
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Matching the new solid state driver with the 2"d stage

Vs
€15 . . - .
i 1t n8in i
s o )—-——«a T £ 5S8R
(A7 B L2/ . i
yd
£ C o Vel B
{ g
. : i
3
: 1
. -«ffi!? .
A Tis-as0p CP

Matching
network

=Q

—— RF
....... Generator
—— 15-50 MHz

|||||||
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Cyclotron cavity

/ - W/SR

5N

CP © oW/ sn

i The final stage
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DRIVER BASED ON NEW LDMOS FREESCALE

We got a pre assembled board and made a driver amplifier...

33.74 MHz : L@
29.835 MHz o s _wed| DMOS Transistor
16.35 MHz =S >1kW, 2-600 MHz CAV3
39.3112 MHz
7
From LLRF »» » ‘ » ¥
(~+30 dBm) Peoga~ 500W ° /717
INFN/LNS prototype .
1 kW, 1.8 - 54 MHz (~+57 dBm) Gain ~16 dB

Gain 27 dB (average)

¥

Output Power = 1kW - el
Flatness £ 1.5 dB ) e |
Gain ~ 27 dB ) _

Mismatch max tested 2:1

Frequency range 1.8 - 54 MHz
MRFEG6VP61K25HR6 (FREESCALE)

vbD 2
WePQL / 9-2014
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The matching box
already installed
instead of the 15t
stage RS1054LSC

in one of the 3

: l‘j amplifiers
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RF power switch



A USEFUL TOOL

Directional
coupler

Power switch

= = N —
RF amplifier
—I
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The RF instruments can be directly connected to

the RF cavity through the coupler only, with one

o <12 N Q = fo/Af

= 2 ‘click’ the amplifiers block are by-passed. No

— need to remove the 68 inch rigid coax line. f =393112 MHz
Smo |
Af =216.8kHz
cent: 39.311245 MHz
A
T @ 23404 _
E ,{/XT‘\\& 1 lossi -63.913 dB Qloaded B 2340
16° % RS
L~ o
* / —
" ,\/"’// \\\_” —>
/-H«—/_‘/‘_ 27 Oct 2883 1@:408:46 \\V‘V\K *
[CHI] Si1 SWR 2 “WHREF =4 1 1.8438 29.832 678 MHz
e - —
L | . . | S P A 1660 ARA MH=

CEMTER S E MH Pt AAE AREA MH
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LLRF (low level RF control system)
and
the digital LLRF-Box
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Protects the system from sparks,
multipactoring, reflected power

Vacuum level, water cooling, temperature

In one single
Turns the system on/off compact unit:
The LLRF-Box

Change and check the tuning at the
resonance frequency

Stablilize the accelerating voltage In
amplitude and phase
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LLRF-Box RF-Cavity

RF GENERATOR
PROTECTIONS
RF
pick-up
| G
P

TUNIN
(rsazz -

Courtesy of L. Piazza

One single compact rack includes:

» Direct Digital Synthesizer (RF-generator);

e turn-on; _ _ _
The system synthesizes a highly stable RF signal

» Protection devices (sparks, , »
up to 120 MHz, turns the power on in the RF cavities

reflected wave, interlocks);
through a step-ramp modulator, and protects the RF

e Automatic Tuning loop.

system against mismatching, sparks and multipactoring
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Cavity 1

50 MHz Ultra low noise
(-160 dBc/Hz@ 10kHz)
high precision oscillator. 7

Cavity 2

The clock synchronizes all the LLRF-

Boxes necessary for the three RF

Cavity 3

cavities of the cyclotron plus the pulsing

systems (buncher, choppers, external

reference).

alarm interlock
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Phase and amplitude stability

Maximum energy gain for ions each

AE = 2qVp(sin @)

time crosses the acceleration gap

extraction
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= 1073 energy stability of accelerating beam AD = +0.1




Amplitude stabilization loop

VWV ERROR AMPLIFIER
WINDOW
COMPARATOR

‘ VREFERENCE VupPER

VLiower

AR i
e ':'nrm Ll

ERROR AMFPLIFIER OUT

L0AvES QX0Ovilp Hann

VconTROL
CAVITY

OO0 RF OUT< Z cLC522

AMPLITUDE
MODULATOR
(0~40dB)




04/10/2017

Phase stabilization loop

Phase
detector




04/10/2017

Fine tuning loop
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Digital/Analog tuning loop
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Conclusion remarks

- RF power amplifier refurbishment, solid state + tube
- LLRF from analog to analog/digital to full digital

- Upgrade Superconducting Cyclotron (increase the final RF
amplifier power of 20-30%, new conical connection between
Inner coaxial and dee, adaptation of the already versatile low
level system), preparation phase of dismounting cavities and
RF parts involved.
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Thank you for your kind attention
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